Background/purpose: The aims of this investigation were to describe the effect of different ceramic and remaining dentin thicknesses on substrate temperature during photocuring, and investigate whether the temperature increased by >5.5 C for different dentin/ ceramic combinations. Materials and methods: Three groups of dentin thicknesses of 1.0 (D1.0), 1.5 (D1.5), and 2.0 mm (D2.0), and three groups of ceramic thicknesses of 1.5 (C1.5), 2.5 (C2.5), and 3.5 mm (C3.5) were examined. Temperature changes and the maximum temperature were observed under a high-intensity halogen light (QTH-Atralis 10 ECS program at 1200 mW/cm 2 for 30 seconds, Ivoclar Vivadent AG, Schaan, Liechtenstein). Four groups, D1.0eC1.5 (þ11 C), D1.5 eC1.5 (þ7.2 C), D1.0eC2.5 (þ6.7 C), and D2e0C1.5 (þ5.8 C), demonstrated temperature changes of >5.5 C. Results and Conclusions: A statistical analysis showed that separate individual thicknesses and combinations of dentin and ceramic had significant effects on temperature changes (P < 0.01). It was observed that the ceramic exhibited a smaller temperature shielding effect than dentin. Clinically, it would be optimal to preserve the dentin to avoid damaging pulp tissues. Where there is insufficient overall thickness ( 3.5 mm), continuous high-energy output photocuring should be avoided to protect pulp tissues from thermal injury.
Introduction
Due to improvements in restorative materials, patient demands for enhanced esthetic restorations, extensive applications of computer-aided design and computer-aided manufacturing (CAD/CAM) techniques, 1e3 and the concepts of minimally invasive treatment, CAD/CAM-generated ceramic inlays, onlays, and all-ceramic crowns have become popular for restoring extensive dental defects. 3e6 Concomitantly, the cementation of these restorations requires the use of resin adhesives because traditional chemical curing resin adhesives have very short working times, and their use in clinical practice is more complicated. Therefore, photocuring resin adhesives are primarily used due to their ease of manipulation in numerous clinical procedures.
When using photocuring resin adhesives for the cementation of ceramic restorations, light shielding by thick ceramic restorative materials has become a major concern relative to the effectiveness of the photocuring and polymerization of the resin adhesive. However, using a strongerintensity light as an alternative to enhance polymerization might cause an unfavorable temperature rise within the pulp chamber. 7e10 Previous studies indicated that temperatures inside the pulp chamber of >42.5 C (an increase of about 5.5 C) may result in pathological changes and irreversible pulpitis. 11e13 In the past, there were numerous concerns expressed in the literature about temperature changes during composite resin placement and polymerization. 8,9,14e21,22 Compared with many studies that focused on temperature changes within the pulp chamber during placement of direct composite resin restorations, 14e28 few investigations examined temperature changes during cementation of the ceramic restoration. The aims of this study were to understand changes in the temperature and relationships between different ceramic and remaining dentin thicknesses during photocuring, as well as to investigate temperature increases with various combinations of dentin and ceramic thicknesses.
Materials and methods

Specimen preparation
Extracted tooth specimens were produced from nine noncarious human third molars. The teeth were immersed in normal saline and refrigerated at 5 C. Specimens were embedded in acrylic resin and sectioned with an Isomet 1000 (Buehler, Lake Bluff, Illinois, USA) vertically along the long axis of the molars to form 8 Â 8-mm sections. In the coronal aspect of the molars, the enamel was removed to ensure that all sections of the tooth specimens contained only dentin. Each sectioned molar was examined under a microscope, and samples with an abnormal pulp chamber or pulp horns were excluded from the experiment. There were three groups with dentin thicknesses of 1.0 (D1.0), 1.5 (D1.5), and 2.0 mm (D2.0), and each group contained three specimens. Ceramic specimens were made of Empress ProCAD 100 (Ivoclar Vivadent AG, Schaan, Liechtenstein), and were also sectioned by the Isomet to form 8 Â 8-mm ceramic sections with three groups of thicknesses of 1.5 (C1.5), 2.5 (C2.5), and 3.5 mm (C3.5). Because the ceramic blocks were homogeneously made in the factory, any variations among the sections were relatively minimal. Two specimens (A and B) were taken from each thickness group, and all of the specimens were from the same ceramic blocks. Accurate thicknesses were confirmed to be within AE0.05 mm by an electronic vernier.
Design and production of a simulated pulp cavity
An external oral model apparatus was designed based on Uhl's experiment in 2006. 29 The external layer was composed of the heat isolation material, polytetrafluoroethylene (PTFE), at 15 Â 15 Â 15 mm, to avoid exogenous influences. At the center of the top of the 15 Â 15 Â 15-mm cube of PTFE, an 8 Â 8-mm cavity with a depth of 6 mm was created, and the lower layer was punctured to form a round cavity with the diameter of 8 mm. The design aimed to keep the tip of the light-guide area, exposure area, and temperature-detection area consistent, thereby avoiding heat loss (Fig. 1 ). The thermocouple line (K type, Agilent Technologies, Santa Clara, CA, USA) was attached to dentin specimens with an adhesive bonding agent (Single bond II, 3M, St. Paul, MN, USA) and a flowable resin (Z350, 3M, St. Paul, MN, USA). The simulation apparatus and Temperature changes in dentin/ceramic during photocuring thermocouple were placed inside a 37 C water bath. The water level was set to the level of the bottom of the square apparatus, and the starting temperature was consistent in each measurement. During the measurement, the ceramic sample was tightly attached to the dentin specimen, and the halogen light guides were placed directly on the ceramic to avoid inconsistent temperature changes due to light diffusion.
Temperature-measurement procedures
A thermocouple was fixed to each of the three different groups of dentin specimens (D1.0, D1.5, and D2.0) and was placed in a heat isolation water bath tank as shown in Fig. 1 . Dentin specimens were covered with ceramics of different thicknesses (C1.5, C2.5, C3.5) and exposed to a high-intensity halogen light (QTH-Atralis 10 ECS program, Ivoclar Vivadent AG, Schaan, Liechtenstein) at 1200 mW/cm 2 for 30 seconds. Observations were made of temperature changes and the maximum temperature. Each combination was measured five times, and three results were taken for the mean calculation. There was a 5-minute interval between measurements to allow the machine to cool down. The diameter of the halogen light guide was 8 mm, and the light bulb emission was checked to standardize its intensity. The thermometer in this experiment was a thermocouple (K-type), and room temperature was kept at 25 AE 0.5 C. New conducting wires were used for each measurement, and the data were precisely recorded to 0.1 C with a digital thermometer (Agilent 34970A Data Acquisition, Agilent Technologies, Santa Clara, CA, USA). The starting temperature was set to 37 AE 0.2 C, and the temperature was recorded 60 seconds after termination of exposure.
Statistical analysis
This experiment used the average temperature change in each group to compare the importance of the influencing factors on temperature changes, through a two-way analysis of variance (ANOVA) in the software package SPSS vers. 12.0 (SPSS, Chicago, IL, USA). In multiple analyses, we used Tukey's and Scheffe's post-hoc comparisons of dentin and ceramic with different thicknesses.
Results
The results of the temperature change in each group are shown in Table 1 and Fig. 2 . Each of four groups, D1.0eC1.5, D1.0eC2.5, D1.5eC1.5, and D2.0eC1.5, had a temperature change of >5.5 C. When the ceramic thickness was 1.5 mm, even with a dentin thickness of 2 mm, the temperature change was significant and exceeded the safety threshold of 5.5 C.
Different thicknesses of the dentin and ceramic had significant effects on the temperature change, and there was a relationship between the effects and thicknesses. Through comparisons by Tukey's and Scheffe's analyses, each thickness pair of dentin and ceramic also showed statistically significant differences (P < 0.01). The results of the statistical analyses are shown in Table 2 .
Discussion
Ceramic restorations have become a prevalent clinical restorative material and treatment option due to the growing maturity of CAD/CAM techniques. 1e3,30e32 However, resin adhesives are required to cement the ceramic to the cavity preparation. In the adhesion process, a light-cured adhesive cement is frequently used. However, because of the shielding effect of the ceramic during cementation, there is concern about incomplete polymerization due to inadequate photocuring. Therefore, a high-intensity light was recommended for complete polymerization. Meanwhile, the heat energy released by intense lighting could cause damage and injury to vital pulp tissues. However, few researchers have studied temperature effects during ceramic cementation as influenced by different thicknesses of dentin and ceramic.
According to research by Zach and Cohen 12 and Brown et al., 11 a temperature increase of the pulp by 5.5 C to 42.5 C will lead to irreversible pulpitis and injury to pulpal tissues. Previous studies showed that an extensive temperature increase during photocuring would decrease the number of surviving cells and injure pulp tissues. 8, 20, 27, 33, 34 This experiment simulated the environment in the pulp chamber, and the starting temperature was set to 37 C in order to observe the mean maximum Table 1 Mean temperature, changes in temperature from the baseline (Dt, C ), and the standard deviations of nine different combinations of dentin and ceramic thicknesses. The results of this study showed that four groups, D1.0eC1.5, D1.0eC2.5, D1.5eC1.5, and D2.0eC1.5, had a temperature change of >5.5 C. Further analyses showed that when the thickness of the ceramic was 1.5 mm, the temperature increase was more significant. With a 2-mm thickness of dentin, the intensity of photocuring would possibly cause pulp damage. These results indicate that when a veneer is cemented onto anterior teeth and onlays onto posterior teeth, even with 2.0-mm-thick dentin, there is a risk of damaging the pulp when the overall thickness is <3.5 mm. Furthermore, comparing temperature changes between groups (Fig. 3) , it was observed that when the thickness increased from 1 mm in D1.0eC1.5 to 2.0 mm in D2.0eC1.5, the change in temperature decreased 5.23 C. Similarly, when the increase of ceramic thickness increased from 1.5 mm in D1.0eC1.5 to 2.5 mm in D1.0eC2.5, the temperature change decreased 4.31 C. This demonstrates that the shielding effect of the ceramic is not as great as that of the dentin. Also, the thermal conductivities of ceramic and dentin are 2.39 and 1.36 mcal/second, respectively. 11, 35 The thermal conductivity of ceramic is better than that of dentin. This explains why there was a minimal temperature change when the ceramic thickness increased by 1.0 mm.
Results in this experiment are consistent with previous studies observing temperature changes during photocuring, 7,8,15,21,22,24,36e40 which demonstrated an inverse relationship between the thickness and temperature change. With advancements in minimally invasive treatments, more dentin should be preserved to maintain a strong dental structure and protect the pulp from dramatic temperature increases.
In the past, many researchers observed temperature changes in composite resin restorations. 8,40e42 They found that by photopolymerizing a composite resin with a highenergy output (28 J/cm 2 ), heat might be produced and thereby injure pulp tissues. Meanwhile, a light-emitting diode (LED) light causes a smaller temperature increase than a halogen light. This experiment adopted the QTH ECS-program (1200 mW/mm 2 for 30 seconds), which had an energy density of 36 J/cm 2 and a higher energy output than previous experiments. Although the overall thickness in this experiment was at least 2.5 mm, the results indicated that the temperature increase varied 2.2w11.1 C. Four groups still had temperature increases of at least 5.5 C, which increased the temperature to above the acceptable threshold. On further analysis of the temperature increase ( Fig. 3) , an illustration of the means versus time showed that D1.0eC1.5 had the largest and most rapid temperature Temperature changes in dentin/ceramic during photocuring increase, which only took about 10 seconds to reach the threshold. With the other groups (D1.0eC2.5, D1.5eC1.5, and D2.0eC1.5), it took 20 seconds to exceed 5.5 C. This result indicates that when dealing with a thickness of <3.5 mm of dentin and ceramic combined, it is recommended to limit continuous illumination to <20 seconds. If the thickness is <2.5 mm, light curing should only be used for 10 seconds, and long-term light curing should be replaced with multiple sessions of short-term light curing, which can reduce the temperature increase inside the pulp chamber. Therefore, when light curing, the photo illumination time should be shortened or a low-energy, lightcuring machine, such as an LED light-curing unit, should be adopted to avoid pulp tissue damage from the heat released. However, additional studies on temperature changes due to LED lighting during ceramic restoration cementation should be undertaken.
Variations among dentin thicknesses used in this experiment were relatively great. For this reason, we not only controlled the thickness, but also looked for samples with similar thermal conductivities to ensure minimal variations among the dentin groups. With respect to the water bath apparatus which simulated the pulp chamber, the apparatus was set to a consistent temperature, but repetitive measurements found a temperature variation of AE0.2 C. Therefore, when calculating the results, the temperature change was used instead of the maximum temperature measurement in order to reduce manual errors caused by environmental temperature changes.
With advances in light-curing instruments and the application of LED technology, these new light sources offer lower heat release, broader spectra of light wavelengths, as well as shorter light-curing times. Whether these different light sources produce similar temperature change effects as the high-intensity halogen used in this study needs to be further investigated. In addition, as ceramic materials evolve with modifications in shades, composition, transparency, etc., the material properties might influence temperature changes during photocuring and the effects of polymerization. Although this experiment did not use an LED for measurement, future studies should discuss relationships between various light-curing instruments and modes to decrease temperature change effects on pulp tissues as well as to examine the shielding effects of different ceramic materials.
Conclusion
Within the limitations of this in vitro study, the results showed that four groups (D1.0eC1.5, D1.0eC2.5, D1.5e C1.5, and D2.0eC1.5) had temperature increases of >5.5 C. Among them, D1.0eC1.5 had the most rapid and largest increase, and it reached the maximum threshold of 5.5 C within 10 seconds of light application. It was also observed that the ceramic had a smaller temperature-shielding effect than the dentin. Clinically, it is advantageous to preserve the dentin to avoid damage to pulp tissues. Where there is a reduced overall thickness ( 3.5 mm), the effect of increased temperature changes from sustained high-energy illumination should be a consideration to protect pulp tissues from injury. 
